Bananas (Musa acuminata, AAA group) fail to develop a yellow peel and stay green when ripening at temperatures >24°C. The identification of the mechanisms leading to the development of stay-green ripe bananas has practical value and is helpful in revealing pathways involved in the regulation of chlorophyll (Chl) degradation. In the present study, the Chl degradation pathway was characterized and the progress of ripening and senescence was assessed in banana peel at 30°C versus 20°C, by monitoring relevant gene expression and ripening and senescence parameters. A marked reduction in the expression levels of the genes for Chl b reductase, SGR (Stay-green protein), and pheophorbide a oxygenase was detected for the fruit ripening at 30°C, when compared with fruit at 20°C, indicating that Chl degradation was repressed at 30°C at various steps along the Chl catabolic pathway. The repressed Chl degradation was not due to delayed ripening and senescence, since the fruit at 30°C displayed faster onset of various ripening and senescence symptoms, suggesting that the stay-green ripe bananas are of similar phenotype to type C stay-green mutants. Faster accumulation of high levels of fructose and glucose in the peel at 30°C prompted investigation of the roles of soluble sugars in Chl degradation. In vitro incubation of detached pieces of banana peel showed that the pieces of peel stayed green when incubated with 150 mM glucose or fructose, but turned completely yellow in the absence of sugars or with 150 mM mannitol, at either 20°C or 30°C. The results suggest that accumulation of sugars in the peel induced by a temperature of 30°C may be a major factor regulating Chl degradation independently of fruit senescence.
Introduction
Chlorophyll (Chl) degradation occurs during senescence of vegetative plant organs as well as during fruit ripening. For the majority of fruits, loss of Chls is necessary to give their ripe and attractive appearance. Bananas (Musa acuminata, AAA group), a type of climacteric fruit, are usually harvested while they are green mature, and ripening is initiated before marketing. The golden yellow colour of the ripe fruit is due to Chl breakdown, which unmasks carotenoid pigments in the plastids. However, when ripening at warm temperatures above 24°C, bananas fail to develop a fully yellow peel and stay green (Blackbourn et al., 1990; Li et al., 2006) . This phenominon appears to be abnormal, when compared with many other fruits, which degreen at a faster rate above 24°C. This range of temperatures that suppresses banana degreening is theoretically not high enough to inhibit enzymatic reactions. Accordingly, some unknown mechanisms may function in the regulation of banana Chl degradation in response to temperature.
The Chl degradation pathway during leaf senescence has been elucidated during the last two decades (Matile et al., 1999; Hö rtensteiner and Matile, 2003; Hö rtensteiner, 2006) . The pathway starts with the removal of the phytol moiety from the Chl molecule by chlorophyllase, producing the first green breakdown product, chlorophyllide. Then, after the removal of the central Mg 2+ from chlorophyllide by Mg-dechelatase, the porphyrin macrocycle of pheophorbide is oxygenolytically cleaved by the joint action of pheophorbide, an oxygenase [pheophorbide a oxygenase (PaO)], and the red Chl catabolite (RCC) reductase (RCCR). The product, a primary fluorescent catabolite (FCC), is further converted to the final non-fluorescent Chl catabolites (NCCs). These sequential biochemical events were designated as the PaO pathway due to the critical function of the PaO enzyme, by which the pigments lose their green colour (Hö rtensteiner, 2006) . Chl a and Chl b are two major types of Chls in higher plants. Recently, it was found that the conversion of Chl b to Chl a occurred prior to the degradation of Chl b via the PaO pathway. The enzyme responsible for the conversion has been identified as nonyellow colouring1 (NYC1) or Chl b reductase (CBR) (Hö rtensteiner and Kräutler, 2000; Vezitskii, 2000) . Furthermore, a novel protein designated as SGR/SGN (stay-green) (Jiang et al., 2007; Park et al., 2007; Sato et al., 2007; Aubry et al., 2008; Barry et al., 2008) or NYE1 (nonyellowing1) (Ren et al., 2007) was identified as a positive player in Chl degradation via dismantling Chl-protein complexes and functions upstream of the Chl degradation pathway (Park et al., 2007; Aubry et al., 2008) . Despite the fact that excellent progress has been made in characterizing the primary catabolic events in the Chl degradation pathway, remarkably little information is yet known about the factors that regulate the overall rate and extent of Chl breakdown (Hö rtensteiner, 2006) .
The Chl degradation pathway during leaf senescence is also considered to function during fruit ripening. Some Chl catabolites identified in leaf were also recognized in fruits. For example, chlorophyllide and pheophorbide were identified in ripening citrus and banana fruit (Yamauchi et al., 1997; Drury et al., 1999; Yang et al., 2009) . Two fractions with spectral characteristics typical of an NCC were present in the peelings of a yellow pear (Müller and Sheen, 2007) . The activities of chlorophyllase have long been detected in citrus fruit peel during colour-break and the gene encoding the enzyme has been cloned and intensively characterized (Harpaz-Saad et al., 2007; Azoulay Shemer et al., 2008) . Two distinct substances were recognized in strawberry fruit during ripening, exhibiting the activities of Mg-dechelatase. However, the substances have not been confirmed as proteins either in fruits or in leaves (Hörtensteiner, 2006) . A previous study showed that a stay-green phenomenon was observed for bananas ripening at 30°C. Compared with 20°C, a temperature of 30°C did not inhibit the chlorophyllase activity in banana peel but reduced the activity of Mgdechelatase (Yang et al., 2009) . Investigation of the consequences of temperature on the other Chl degradationrelated enzymes will help to understand the mechanisms that lead to stay-green ripe bananas at a boarder scale.
Loss of Chls normally proceeds with the progression of leaf senescence or fruit ripening. Stay-green mutants are variants in which Chl loss is delayed compared with a standard reference genotype. Different types of stay-green mutants identified in various species have been classified by Thomas and Howarth (2000) . Type A and B stay-green mutants are caused by delayed senescence. Type C staygreen mutants are due to a Chl catabolism lesion with no delayed senescence events, and rapid tissue death due to extreme environmental conditions creates type D stay-green mutants. Delayed leaf senescence can be induced by altered hormone status, including increased amounts of cytokinins (Smart et al., 1991; Gan and Amasino, 1995) or decreased ethylene production (John et al., 1995) . Mutation in the genes encoding Chl degradation enzymes, such as chlorophyllase or pao, was found to disable pigment degradation and create type C stay-green phenotypes (Thomas and Howarth, 2000) . The possibility that stay-green ripe bananas are caused by mutation in Chl catabolism genes can be ruled out, since normal pigment degradation was observed for the fruit ripening at 20°C. Recently, two distinct type C stay-green lines, a citrus spontaneous mutant, navel negra (nan), and a Mendel's pea mutant (JI2775), were identified as mutants that are not directly related to a single disruption in any of the principle established enzymatic steps of Chl metabolism. The retention of Chls in the ripe nan citrus fruit or in senescent JI2775 pea cotyledon may be related to a reduction in SGR gene expression, indicating certain regulatory pathways that are upstream of SGR. However, the regulatory pathways that directly function in regulation of Chl catabolism have not yet been identified (Aló s et al., 2008; Aubry et al., 2008) .
To explore the mechanisms leading to the development of stay-green ripe bananas under tropical temperatures, the Chl degradation pathway was characterized and the progress of ripening and senescence was assessed in banana peel at 30°C versus 20°C, by monitoring relevant gene expression and ripening and senescence parameters. The results strongly indicate that stay-green ripe bananas, which developed at 30°C, showed marked repression of Chl degradation, yet displayed accelerated ripening and senescence, exhibiting some typical features of the type C staygreen mutants. Faster accumulation of soluble sugars in the peel at 30°C prompted investigation of the roles of increased sugars in Chl degradation. Plausible findings that support the positive roles of glucose and fructose in Chl catabolism stemmed from the in vitro incubation of detached banana pieces of peel. The incubation of pieces of peel in the presence or absence of sugars demonstrated that a fast increase in the sugar level in peel may result in repression of Chl catabolism and the development of staygreen ripe bananas.
Materials and methods

Plant material
Pre-climacteric banana (M. acuminata AAA, cv. Carvendish) fruit were harvested at a commercial banana orchard at the Pearl River Delta Plain, south-eastern China. Only undamaged dark green fruit at the 75-80% plump stage were selected for experiments. The selected fruit were first surface sanitized by dipping in a 1% hypochloride solution for 1 min and then immersed in 0.05% Sporgon (with 46% Prochloraz-Mn; Aventis, Spain) for 3 min to prevent fungal disease. The bananas were then separated into two groups and treated with 100 ll l À1 ethylene in an airtight container for 24 h at either 20°C or 30°C to initiate ripening, after which the fruit were allowed to ripen at 20°C or 30°C in polyethylene plastic bags (0.01 mm thickness) for 5 d. Ten bags of 10 fingers were used for each temperature treatment. One finger from each bag, namely 10 fingers for each treatment, was randomly taken out daily for measurement of firmness, photochemical efficiency of photosystem II (PSII; F v /F m ), membrane permeability, and peel tissue sampling. The sampled peel tissue was sliced, mixed, frozen in liquid N 2 , and stored at -80°C prior to use or dried for determination of starch content.
Determinations of Chl and malondialdehyde content
Frozen peel tissue (2.5 g) was first ground to a fine powder in liquid nitrogen. Chls were extracted by immersing the powders with cold acetone overnight at 4°C. The supernatant that contained Chls was achieved by centrifugation at 10 000 g for 30 min. The residue was rewashed with cold acetone until it became colourless. The combined supernatant was brought to 10 ml with acetone until the final acetone concentration was 80%. The Chl concentration per fresh weight of peel tissue was calculated as described by Lichtenthaler et al. (1987) . The malondialdehyde (MDA) concentration was measured according to Liu et al. (2006) with modifications. Frozen peel tissue samples (1.0 g) were homogenized in 4 ml of 0.05 M phosphate buffer and then centrifuged for 15 min at 10 000 g. The supernatant was collected and 1 ml of it was mixed with 3 ml of 0.5% thiobarbituric acid. The mixture was boiled for 15 min, then quickly cooled in an ice bath and centrifuged at 12 000 g for 15 min. The supernatant was collected and used to measure absorbance at 450, 532, and 600 nm. The MDA concentration was calculated according to the formula: 6.453(A 532 -A 600 )-0.563A 450 .
Determinations of firmness and starch content
Firmness was measured using a force gauge (Japan) having a 5 mm diameter probe and mounted on a motorized test stand. The peak force (in kg) was measured at a penetration depth of 10 mm. Firmness was reported in Newtons cm À2 (N cm À2 ). Starch extraction was carried out according to Smith (1988) . Dried banana peel tissue (0.05 g) was first ground with 10 ml of 80% (v/v) aqueous ethanol then the crude extract was incubated at 90°C for 10 min, followed by 8 min centrifugation at 1500 g. The supernatant was discarded and the tissue extracted three more times with 80% ethanol in the same way. Ethanol was allowed to evaporate from the final pellets, which were then ground to a fine slurry in water and made up to 20 ml. Aliquots of 3 ml were autoclaved for 45 min at 121°C and 0.2 MPa then samples of 0.3 ml of the autoclaved material were incubated with 5 ml of iodine reagent (Shafiee et al., 2005) , at 30°C for 4 min. The absorbance was measured at 620 nm against a blank (0.2 ml of water in 5 ml of iodine reagent). The starch contents in banana peels were represented as mg g À1 dry weight.
Analysis of the photochemical efficiency of PSII and relative membrane permeability
The photochemical efficiency of PSII in banana peel was determined as the ratio of the maximum variable fluorescence to the maximum yield of fluorescence (F v /F m ) using an OS-30P portable fluorometer (Opti-Sciences, USA). F v and F m were determined after dark adaptation for 10 min at room temperature (Oh et al., 1997) . Membrane permeability was determined by measuring electrolytes leaked from peel tissue. Banana peel was excised as small segments (0.3 cm in diameter, 10 segments from 10 banana fruit) and was immersed in 25 ml of deionized water with gentle shaking for 1 h, after which the initial conductivity was measured. The total conductivity was determined after boiling for 10 min. The relative membrane permeability was expressed as the percentage of the initial conductivity versus the total conductivity.
Cloning of gene fragments
Total RNA was extracted from banana peel tissues according to the hot borate method of Wan and Wilkins (1994) , with some modifications, in extraction buffer which contained 200 mM sodium tetraborate decahydrate, 30 mM EGTA, 1% deoxycholic acid sodium salt, 10 mM dithiothreitol (DTT), 2% PVP 40, and 1% NP-40. First-strand cDNA was synthesized using M-MLV H-(Promega, USA) reverse transcriptase according to the manufacturer's instructions and used as a template to amplify fragments of genes encoding Chl degradation-and senescence-related proteins. PCR primers were designed based on the amino acid sequences conserved among the coding sequences of the corresponding genes published in NCBI [Rubisco small subunit (MaSSU): 5#-TGATGGTCTCCTCGGCTG and 3#-GATGATGCGGATGAAGGC; senescence-associated gene 12 (MaSAG), 5#-CAGGTGATGGTNGAYTGYGA and 3#-ATGTAAACNSWNACNGGYTG; Chl b reductase (MaCBR), 5#-CAGATTGTCTCNACNAAYYT and 3#-TACATCTCCATNGCRTCNGT; pheophorbide a oxygenase (MaPaO), 5#-GTCGGCCTGNGTNGGNGTRAA and 3#-GTCGGCCTGNGTNGGNGTRAA; red Chl catabolite reductase (MaRCCR), 5#-ACAGATGCTCCNCAYTTYYT and 3#-TCGGGACCRAACATNCKNGG; MaSGR: 5#-ACCTACACTCTAACNCACAGCGA and 3#-GTCACGA-AGCGGRCCCCAGCACTC; MaACS, 5#-GCGAGTCGG-GATTCATTGCT and 3#-GATGTTTCAGGTGGCGGC-TT; MaACO, 5#-GATGACCAGAATGCGATGAA and 3#-CCACGCTCTTGTACTTGCCA, with W¼A/T; R¼A/G; V¼A/C/G; M¼A/C; H¼A/T/C; N¼A/T/C/G]. The amplified fragments of these corresponding genes were cloned into pMD19-T (Takara, Japan) according to the manufacturer's instructions, and sequenced. The 3#-untranslated regions (UTRs) of the genes were obtained by 3# rapid amplification of cDNA ends (RACE) PCR using the 3# RACE kit from Takara (Japan).
Northern blot analysis
Total RNA (10 lg) was separated on a 1.2% agaroseformadehyde gel and capillary blotted onto a PVDF membrane (Biodyne Ò B, 0.45 lm, Pall, America). The membrane was blotted dry and UV cross-linked at 280 nm. Digoxigenin (DIG)-labelled specific probes terminating the 3#-UTRs of the corresponding genes were made using a PCR DIG probe synthesis kit (Roche, Germany) and primers for probe preparation as follows: MaSSU, 5#-TGA AGGAC-GAGGCGTTGCTG and 3#-GCGGTTGCGTAGAGGA-GACA; MaSAG, 5#-TGGTATCGCTATGGAGGCT and 3#-AATCATCATTCGGTTGGTC; MaCBR, 5#-ATTACC-TGACACCACCTCG and 3#-AACTCCATGCTTGCCT-TATAC; MaPaO, 5#-CCTTCAACGGTCCTGTCCAA and 3#-CATCTACAACTGTGCTACTC; MaRCCR, 5#-GCA-GCGTCCTGTCACCAA and 3#-CACCTAGTACCCTAG-CAGTT; MaSGR, 5#-CTCCGTTACTACATCTTCTG and 3#-CAACCTTGCCTTGTTACTGC; MaACS, 5#-GCGAG-TCGGGATTCATTGCT and 3#-GATGTTTCAGGTGG-CGGCTT; MaACO, 5#-GATGACCAGAATGCGATGAA and 3#-CCACGCTCTTGTACTTGCCA. The membrane was hybridized with the DIG-labelled probe for 16 h at 45°C in high-SDS buffer [7% SDS, 53 SSC, 50 mM sodium phosphate, pH 7.0, 2% blocking reagent (Roche, Germany), and 0.1% N-lauroylsarcosine] containing 50% deionized formamide (v/v). Blots were washed twice at 37°C in 23 SSC and 0.1% SDS for 10 min, followed by washing twice at 62°C in 0.23 SSC and 0.1% SDS for 30 min. The membranes were then subjected to immunological detection following the manufacturer's instructions (Roche, Germany).
Measurement of soluble sugar content in banana peel
Soluble sugars were determined according to Wang et al. (2007) . Peel tissue samples (1 g) were heated in a microwave oven for 30 s to inactivate the enzymes, then they were homogenized in 5 ml of 95% (v/v) aqueous ethanol. The mixture was centrifuged at 10 000 g for 15 min at room temperature. The residue was rewashed with another 5 ml of 95% (v/v) ethanol and centrifuged again at 10 000 g for 15 min. The combined supernatant was then taken to dryness with a nitrogen stream in a 90°C water bath and re-dissolved in 10 ml of double-distilled water. After passing it through the C18 SPE column and a 0.22 lm Millipore filter, the sample (10 ll) was subjected to HPLC. HPLC analysis was carried out with an Agilent 1100 HPLC system (Germany) equipped with an Agilent G1311A pump and a refractive index detector (RID). Sugars were separated by a carbohydrate column (Agilent NH 2 ; 15034.6 mm 2 ), using a solvent of acetonitrile:water (7:3, v/v). The flow rate was 0.8 ml min À1 . Identification and quantification of the major sugars present in the samples were achieved by comparing each peak retention time and peak area with those of the standard. Sugar standards were made for glucose, fructose, and sucrose. A standard curve for each sugar was prepared by injecting different concentrations of the standard solution and plotting HPLC peak areas versus sugar concentrations in the standards.
Incubation of detached pieces of banana peel
Preparation of pieces of peel and subsequent manipulations were carried out under sterile conditions. Using the method of Saltveit (2001) with some modification, peel tissue of green bananas after treatment with ethylene for 1 day was cut into 1 cm 2 pieces. Pieces with intact endodermis were then taken off and placed onto 0.8% agar with green epidermis up. The agar media contained 100 mg l À1 streptomycin and 100 mg l À1 Sporgon to avoid bacterial and fungal infection. Glucose or fructose was added to the media for relevant sugar treatments. Pieces of peel were then incubated at 20°C or 30°C for 9 d and were collected every 3 d for sampling.
Results
Repressed degreening of bananas ripening at 30°C was correlated to transcription reduction of several Chl degradation-related genes When bananas ripened at 20°C, the fruit started to degreen 5 d after ethylene treatment and turned completely yellow after 6 d. However, no obvious yellowing occurred in the fruit at 30°C during the whole ripening process, and fruit turned out to be green-ripe bananas (Fig. 1A) . Chl content decreased faster in the fruit at 20°C than that at 30°C. After 6 d, the fruit at 30°C retained 30% Chls in the peel, while only 8% Chls were retained in fruit at 20°C (Fig. 1B) . The Chla/b ratio in the peel displayed a steep increase from day 2 to 4 at both temperatures, and a higher ratio was recorded for the fruit at 30°C. At the end of ripening, a Chla/b ratio of 8 and 6.5 was detected for the fruit at 30°C and 20°C, respectively (Fig. 1C) .
To understand the repression of fruit degreening and Chl decrease at 30°C at the molecular level, four partial cDNA fragments, whose deduced amino acid sequences show 89, 82, 51, and 69% identities to the products of rice (Oryza sativa) CBR (BAF49740), rice PaO (ABF93963), rice RCCR (ABB47486), and rice SGR (AAW82954) genes, respectively, were cloned from banana peel tissue and designated as MaCBR, MaPaO, MaRCCR, and MaSGR. The expression patterns of these genes in banana peel during ripening at 20°C or 30°C were analysed by northern hybridization with DIG-labelled probes prepared from their 3#-UTRs (Fig. 1D) . The accumulation of MaCBR and MaSGR mRNAs in the fruit at 20°C gradually increased after the ripening was initiated, and maintained high levels after 6 d. Compared with the levels in the fruit at 20°C, the expression levels of MaCBR and MaSGR were lower in the fruit at 30°C throughout the whole ripening process, and for MaSGR a marked reduction was recorded at all time points. The expression of MaPaO and MaRCCR temporarily increased at day 1 or 2 and then decreased afterwards at both temperatures. The expression of MaPaO was repressed at 30°C from day 1 to 3, particularly on day 1, where strong repression was recorded. After 3 d, the fruit at the two temperatures showed similar levels of MaPaO expression. Higher levels of MaRCCR expression were detected for the fruit at 30°C on days 1 and 2, then the levels decreased and, after 4 d, a slight reduction was recorded for the fruit at 30°C as in those at 20°C. The repressed expression of MaCBR, MaSGR, and MaPaO at 30°C is in agreement with the suppressed degreening observed for fruit ripening at 30°C.
High temperature accelerated the ripening process of banana peel tissue
The cloned cDNA fragments of banana 1-aminocyclopropane-1-carboxylate (ACC) synthase (MaACS) and ACC oxidase (MaACO) are 100% identical to the reported sequences AF109927 and AJ505611, respectively, in the NCBI database, and share 98.98% and 96.08% identities with MaACS1 (Y15739) and MaACO1 (U55770), which were reported to be expressed during fruit ripening (Liu et al., 1999; Choudhury et al., 2008) . Two days after ethylene treatment, the expression of MaACS and MaACO in banana peel tissue started to increase and the expression continually increased to high levels until the end of ripening. For all the time points, markedly higher expression levels of these two genes were detected in the fruit at 30°C than in those at 20°C (Fig. 2A) . A faster decrease in the hardness of peel tissue was measured for the fruit at 30°C, at which temperature the hardness decreased from 20 N cm À2 to 4.8 N cm À2 after 3 d, while the fruit at 20°C were still at 9.8 N cm À2 hardness at the same time point (Fig. 2B) . At 30°C, the starch content in peel tissue decreased >60% after 2 d of ripening. However, no significant decrease in starch content was recorded for the fruit at 20°C at the same time point. After 4 d, the starch content in the peel at 30°C decreased to an almost undetectable level while the peel at 20°C still retained ;40% starch (Fig. 2C) . Taken together, compared with the fruit at 20°C, the peel of the fruit at 30°C displayed faster softening, a faster decrease in starch content, and stronger expression of ethylene biosynthesis genes, indicating that high temperature accelerated the ripening process of banana peel tissue.
Peel tissue of the fruit ripening at 30°C displayed faster senescence
To understand whether the repressed Chl degradation is due to delayed senescence of banana peel tissue, typical senescence-associated physiological markers, such as the F v / F m , membrane relative ion leakage, and the content of the membrane peroxidation product MDA were measured to assess the progress of senescence. The F v /F m of banana peel was ;0.74 before ripening, and the ratio started to decrease rapidly after ripening was initiated at both temperatures. The F v /F m decreased faster in the fruit at 30°C than in those at 20°C. Regardless of the high Chl level remaining in the fruit at 30°C after 6 d, the ratio for these fruit declined to almost zero, while for the fruit at 20°C the ratio remained at 2.8 (Fig. 3A) . Membrane permeability of banana peel tissues increased as the fruit ripened at both temperatures. After 4 d, a dramatically faster increase of membrane permeability was recorded for the fruit at 30°C, the value of which reached 37% at day 6, while at the same time point only 18% was recorded for the fruit 20°C (Fig. 3B ). Similar trends were detected for MDA content in banana peel during fruit ripening (Fig. 3C ). Three days after the treatment, the fruit at 30°C started to display significantly higher MDA content, and at the end of ripening, a 2-fold higher content was measured in the fruit at 30°C than in those at 20°C. Taken together, a faster decrease in F v /F m and a faster increase in membrane permeability and MDA content found in the fruit at 30°C strongly indicate that high temperature accelerates the fruit senescence process. Two partial cDNA fragments, encoding a Rubisco small subunit (MaSSU) and senescence-associated gene (MaSAG), respectively, were isolated from banana peel tissue, to assess further the progress of senescence by senescence-associated molecular markers. The sequence of MaSSU was identical to that of a banana SSU published in the NCBI database (ABQ42552). MaSAG, whose deduced amino acid sequence shows 76% identity to the product of Brassica oleracea SAG (AAL60579), was cloned by using degenerated primers based on the conserved regions of Arabidopsis, rice, and tobacco SAG 12 . The expression analysis of these two genes was carried out by DIG-labelled probes prepared from their 3#-UTRs (Fig. 3D) . A high level of MaSSU was detected for the fruit before ripening and the levels markedly decreased with the ripening process at both temperatures. A significantly faster decrease was recorded for the fruit at 30°C, at which temperature the transcript declined to an undetectable level 4 d after the treatment, while for the fruit at 20°C, the transcript could still be detected at day 6. Low levels of MaSAG expression were detected in the fruit before ripening. For the fruit at 30°C, the levels started to increase 2 d after the treatments, peaked at day 3, and were maintained at a high level thereafter. For the fruit at 20°C, even though a slight increase was detected at day 1, the fruit expressed lower levels of MaSAG at days 2-3 as compared with the levels in the fruit at 30°C. After 4 d of ripening, the fruit at both temperatures displayed similar levels of MaSAG expression. Based on the gene expression profiles of MaSSU and MaSAG, it is suggested that high temperature initiates a faster senescence process in peel tissue of the fruit.
Banana peel tissue accumulated higher levels of soluble sugars at 30°C
The role of soluble sugars as key regulators functioning in leaf senescence has been intensively studied (Rolland et al., 2006) . Therefore, the contents of glucose, fructose, and sucrose in the peel tissue of bananas were measured by HPLC. Based on the retention time of standards, the peaks of glucose, fructose, and sucrose were identified in HPLC profiles. In the profiles of the samples prepared from the peel collected 4 d after ripening initiation, 4-fold higher peaks of glucose and fructose were recorded for the sample at 30°C than for those at 20°C, while the height of sucrose peaks was more or less the same for the two samples (Fig. 4A, B) . The time courses of the sugar contents during ripening show that faster accumulation of fructose and glucose was detected in the fruit peel at 30°C. After 6 d of ripening, 13.5 mg g À1 fresh weight (FW) fructose and 14.5 mg g À1 FW glucose were detected in the peel at 30°C, while only 4.8 mg g À1 FW fructose and 5.2 mg g À1 FW glucose were measured in the peel at 20°C.
Degreening of detached banana peel was inhibited when incubated with exogenous sugars in vitro
To investigate the role of sugars in controlling Chl degradation, detached pieces of peel from green bananas after treatment with ethylene for 1 d were incubated at 20°C on 0.8% agar with or without 150 mM sugars. After 8 d of incubation, the pieces that were incubated without sugars turned completely yellow (Fig. 5A) , while the pieces incubated with glucose or fructose stayed green (Fig. 5A,  C) . The pieces treated with glucose or fructose accumulated >4 mg/g FW of glucose or fructose after 3 d of incubation and the levels were maintained thereafter (Fig. 5E, F) , while the control pieces contained only 0.5 mg g À1 FW glucose and fructose after 3 d (Fig. 5D) . The dramatic increase in sugar levels detected for the peel pieces incubated with sugars and their stay-green character indicate that the sugars were absorbed by the pieces and inhibited the degreening of the detached banana peel. 
Sugars but not temperature interfered with Chl degradation in detached banana peel in vitro
Interestingly, when incubated without sugar, the detached pieces of banana peel turned yellow after 8 d of incubation at 30°C, behaving similarly to those not treated with sugar at 20°C (Fig. 6A) . However, when incubated with glucose or fructose, the pieces at either 20°C or 30°C stayed green after 8 d, and the pieces retained ;30 lg g À1 FW of Chls, 2-fold higher than that left in the pieces incubated without sugars (Fig. 6A, B) . Therefore, it was concluded that high temperature did not interfere with the degreening of the detached pieces as it did in the intact fruit, and it was sugars but not high temperature that interfered with Chl degradation in detached banana peel in vitro. To rule out the possibility that the inhibitory effects of sugars on degreening of the banana pieces stem from their osmotic effect, the pieces were also incubated with 150 mM mannitol. Both the colour and Chl contents in the pieces treated with mannitol were similar to those in the pieces treated without sugars. The results confirmed that the effect of the sugars on the degreening was caused by a physiological effect other than their osmotic effect.
Discussion
Despite important progress which has been made in the recent elucidation of almost all genes involved in Chl breakdown, remarkably little information is known as yet about the factors that regulate the overall rate and extent of Chl breakdown (Hörtensteiner, 2006) . Bananas fail to develop a fully yellow peel and stay green when ripening at warm temperatures above 24°C (Blackbourn et al., 1990; Yang et al., 2009) . In order to explore the regulation mechanisms that govern Chl degradation, stay-green ripe bananas can serve as a promising experimental system in that Chl degradation is affected by environmental temperatures rather than due to any mutation of the genes encoding the catabolic enzymes. By comparison of expression of the genes related to Chl degradation and ripening and senescence processes of the fruit at 20°C versus 30°C, the present study demonstrated that a temperature of 30°C greatly repressed the Chl degradation pathway, yet accelerated the ripening and senescence processes of the fruit. Thus, the stay-green ripe bananas exhibited a similar phenotype to type C stay-green mutants. Evidence from the in vitro incubation of detached pieces of banana peel with or without sugars strongly indicates that fast accumulation of soluble sugars in the peel at 30°C may be the direct factor leading to repression of Chl catabolism and the development of stay-green ripe bananas.
Repression of Chl degradation at 30°C occurs at various steps of the Chl degradation pathway
The high level of Chls retained in banana peel after ripening at 30°C for 6 d is obviously linked to repression of Chl degradation. However, it is not clear whether this repression is due to the inhibition of the PaO Chl degradation pathway by high temperatures. A previous study showed that, while lower Mg-dechelatase activity was recorded in the fruit at 30°C as in the fruit at 20°C, higher chlorophyllase activity was determined in the fruit at 30°C, indicating that chlorophyllase may not be the limiting enzyme leading to the retarded Chl degradation (Yang et al., 2009) . This hypothesis may contradict the scenario suggested by Harpaz-Saad et al. (2007) and Azoulay Shemer et al. 2008) , in which the chlorophyllase, expressed in the peel of citrus fruit during colour breaking, functions as a ratelimiting enzyme in Chl catabolism controlled via posttranslational regulation. Interestingly, a marked reduction in banana ripening at 30°C was recorded for expression of a gene homologous to a recently identified rice gene, SGR (Fig. 1D) , which is responsible for a stay-green mutant of rice (Park et al., 2007) . SGR was characterized as a chloroplast protein that activates Chl degradation through interaction with lightharvesting Chl binding protein II (LHCPII). It was proposed that the formation of SGR-LHCPII complexes triggers LHCPII destabilization that allows the release of Chls from thylakoid membranes, which is a prerequisite for Chl degradation. Marked down-regulation in SGR transcription levels was reported in an artificial stay-green Arabidopsis mutant, whose PaO was impaired (Park et al., 2007) , and in two spontaneous stay-green mutants, including a citrus mutant, navel negra (nan) (Aló s et al., 2008) , and a Mendel's pea mutant (JI2775) (Aubry et al., 2008) , in which no single disruption in any of the principle established enzymatic steps of Chl metabolism was found. These findings indicate the critical regulatory function of SGR in Chl degradation and that the regulation may occur at the transcriptional level. The marked reduction in banana SGR expression in the bananas ripening at 30°C may lead to the retarded release of Chls from LHCP complexes, and this scenario may explain the fact that even though the fruit at 30°C exhibited a higher level of chlorophyllase activity, the Chl catabolism was repressed due to the spatial separation of enzyme and substrate. Down-regulation of CBR and PaO was also detected for the fruit at 30°C (Fig. 1D) , suggesting that Chl catabolism inhibition induced at 30°C occurs at various steps of the Chl degradation pathway. CBR is considered to be necessary for the first step of Chl b degradation (Hö rtensteiner, 2006) . Analysis of a rice nyc1 mutant, which shows the stay-green phenotype, revealed that Chl b degradation is also required for the degradation of LHCPII and thylakoid grana in leaf senescence (Sato et al., 2009) . Accordingly, the reduction in CBR and SGR in the bananas ripening at 30°C may result in retarded destabilization of LHCP complexes and degradation of the thylakoid membrane. These results may explain an early finding that ripening at tropical temperatures resulted in a retention of the thylakoid membrane in banana peel (Blackbourn et al., 1990) . Up-regulation of PaO gene expression has been found to be strictly limited to leaf senescence (Hö rtensteiner, 2006) . In the present study, the dramatic increase in PaO mRNA abundance was detected 1 d after ethylene treatment in the fruit at 20°C; however, the increase was negated at 30°C, correlating with the stay-green nature of the fruit ripening at 30°C. Furthermore, the similar patterns of PaO and SGR expression may support the hypothesis that PaO activities were modulated by SGR, which was proposed based on the characters of two rice sgr mutants (Jiang et al., 2007; Ren et al., 2007) . However, no influence of SGR on PaO activities was also reported in Mendel's green cotyledon mutant (J12775) (Aubry et al., 2008) .
Stay-green ripe bananas exhibited a similar phenotype to type C stay-green mutants
In the present study, it was found that bananas ripening at 30°C displayed faster ripening and senescence processes than the fruit at 20°C (Figs 2, 3) , which ruled out the possibility that the stay-green phenomenon was due to retarded ripening and senescence processes at 30°C. These characteristics indicate that green ripe bananas exhibit a similar phenotype to type C stay-green mutants. Mutation in the genes encoding PaO pathway enzymes, such as chlorophyllase, PaO, or CBR, was found to disable pigment degradation and create type C stay-green phenotypes (Hörtensteiner and Kräutler, 2000; Thomas and Howarth, 2000) . Recently, a mutation in SGR, which functions upstream of the PaO pathway, has been discovered to be responsible for several type C stay-green mutants including the rice non-yellowing 1 mutant (Barry et al., 2008) and the pepper chlorophyll retainer (cl) mutant (Borovsky and Paran, 2008) . Two distinct type C stay-green lines, citrus nan and pea JI2775, were identified as mutants that are not directly related to a single disruption in any of Chl degradation enzymes, but may be related to a reduction in SGR gene expression. In the present study, the expression SGR, CBR, and PaO in banana peel was strongly repressed at 30°C. A reduction in SGR expression similar to that present in nan, JI2775 mutants, and green-ripe bananas raises an even more interesting question of what are the upstream factors regulating expression of genes involved in Chl degradation. However, the regulatory pathways that directly function in regulation of Chl catabolism have not yet been identified (Aló s et al., 2008) .
Accumulation of sugars in the peel is a major factor regulating Chl degradation Bananas ripening at 30°C not only displayed faster ripening and senescence than the fruit at 20°C (Figs 2, 3) , but also exhibited faster sugar accumulation in peel tissue (Fig. 4) . In vitro incubation of banana peel tissue showed that the peel pieces stayed green when incubated with glucose, but turned completely yellow in the absence of sugars at both 20°C and 30°C (Figs 5, 6 ). The results indicate that it may be sugars that accumulate in peel tissue of the bananas ripening at 30°C which interfere with Chl degradation. A change in the sugar level was also demonstrated to be closely related to epicarp degreening and regreening of certain citrus fruit (Huff, 1984) . However, unlike the inhibitory effect of sugar on banana peel degreening in the dark, sugars were found to promote citrus epicarp degreening in in vitro culture under continuous light (Huff, 1984) . The role of sugars in the regulation of the onset of leaf senescence has long been known and there is debate as to whether high or low level of sugars are the trigger for the onset of leaf senescence (van Doorn, 2008) .
In light, elevated sugar levels were proposed to be the physiological cue leading to onset of leaf senescence of detached tobacco and wheat leaves (Krapp et al., 1991; Parrott et al., 2005) . Arabidopsis plants grown on agar with sugar displayed faster leaf yellowing and a more rapid decrease in the Chl fluorescence parameter (F v /F m ) (Wingler et al., 2004) . In darkness, sugar treatments were reported to prevent Chl decrease in oat leaf segments (Thimann et al., 1977) as well as the increase in transcription of several SAGs in Arabidopsis, e.g. Sen 1 (Oh et al., 1996) , b-glucosidase, and asparagine synthethase (Fujiki et al., 2001) . Taken together, sugar seems to be one of the major factors governing leaf senescence, executing the opposite effect in darkness versus light. In the present study, faster ripening and senescence processes were detected in the staygreen ripe bananas as compared with the fruit with normal degreening at 20°C, suggesting a putative role for sugars in the regulation of Chl degradation independent of fruit senescence. The findings that overexpression of Arabidopsis or yeast hexokinase (HXK), a sugar sensor, in plants results in early senescence, while underexpression of AtHXK1/ AtGIN delays the senescence process (Xiao et al., 2000; Pourtau et al., 2006) , indicate that sugar may act as a signal trigger for leaf senescence in the light. However, it is still unclear whether sugars act as signal molecules or energy substances to delay leaf senescence in darkness (van Doorn, 2008) . According to the sugar signalling model proposed by Sheen et al. (1999) and Rolland et al. (2006) , sugar signalling pathways in green-ripe banana are under investigation.
